Neuregulin 1 (NRG1) is one of the most exciting candidate genes for schizophrenia in recent years since its first association with the disease in an Icelandic population. Since then, many association studies have analysed allele and haplotype frequencies in distinct populations yielding varying results: some have replicated the association, although with different alleles or haplotypes being associated, whereas others have failed to replicate the association. These contradictory results might be attributed to population differences in allele and haplotype frequencies. In order to approach this issue, we have typed 13 SNPs across this large 1.4 Mb gene, including two of the SNPs originally found associated with schizophrenia in the Icelandic population, the objective being to discover if the underlying cause of the association discrepancies to date may be due to population-specific genetic variation. The analyses have been performed in a total of 1088 individuals from 39 populations, covering most of the genetic diversity in the human species. Most of the SNPs analysed displayed differing frequencies according to geographical region. These allele differences are especially relevant in two SNPs located in a large intron of the gene, as shown by the extreme F ST values, which reveal genetic stratification correlated to broad continental areas. This finding may be indicative of the influence of some local selective forces on this gene. Furthermore, haplotype analysis reveals a clear clustering according to geographical areas. In summary, our findings suggest that NRG1 presents extreme population differences in allele and haplotype frequencies. We have given recommendations for taking this into account in future association studies since this diversity could give rise to erroneous results.
Introduction
Schizophrenia is a chronic psychiatric disorder affecting up to 1% of the population. Epidemiological studies conducted worldwide have consistently produced similar estimates of prevalence, incidence and lifetime risk across various populations and geographic areas. 1, 2 While the cause of schizophrenia remains unknown, a significant genetic component is suggested by the results of various family and adoption studies. 3 However, the mode of inheritance is likely to be complex with possibly several low penetrance genes, likely interacting both with each other and with environmental factors. [4] [5] [6] [7] It has also been suggested that the disease itself is not a single entity but a spectrum of related disorders sharing some common genetic causes possibly interacting with disputed environmental agents. 4, 8 These factors along with possible genetic heterogeneity have complicated efforts to date aimed at elucidating the underlying genetic basis of this debilitating brain disorder. One of the most exciting candidate genes to come out of these studies in recent years is Neuregulin 1 (NRG1), which was first implicated in a genome wide scan in an Icelandic population by Stefansson et al. 9 The chromosomal region where NRG1 is located, 8p12-p21, corresponds with an area previously identified as a schizophrenia susceptibility locus (SCZD6) by a number of earlier studies, although these failed to localise the gene involved. 8, [10] [11] [12] NRG1 is a very long 1.4 Mb gene with a large number of structurally and functionally distinct isoforms produced by alternative splicing. 13, 14 In addition to the genetic evidence, the known biological functions of the protein products of NRG1 agree strongly with it being a schizophrenia susceptibility gene: they play a central role in neural development, are most likely involved in the regulation of synaptic plasticity, that is, basically how the brain responds or adapts to the environment (in keeping with the genes-environment interaction theory of schizophre-nia). 13, [15] [16] [17] [18] NRG1 is also involved in the glutamatergic pathway; the involvement of this system in schizophrenia development is one of the most prominent neurochemical hypothesis proposed to explain the biological component of this disease. 7, [19] [20] [21] [22] In the Stefansson et al. 9 study of NRG1, a number of overlapping haplotypes were shown to be significantly over-represented in patients compared to controls. These 'at-risk' haplotypes, all shared a common 'core' consisting of five SNPs and two microsatellite markers, the so-called Hap ICE , and extended a length of 290 kb from the 5 0 end of the GGF2 variant of the NRG1 and into the first exon of this splice form (see Figure 1 ). This finding was replicated in a follow-up study in a Scottish population, 23 and a succession of replication studies in additional populations ensued, including studies in a number of Chinese populations, [24] [25] [26] an Irish population, 27 a population from the British Isles, 28 and a Portuguese population. 29, 30 However, neither these nor the original study have identified the putative disease-causing variant within NRG1. This implies that either the disease-causing variant is carried on the susceptibility haplotype or that it is in linkage disequilibrium (LD) with it. Each of these studies supported the association between NRG1 and schizophrenia, and of these many either confirmed, refined or extended Hap ICE for the population under study. Just two replication studies to date have failed to confirm involvement of the NRG1 locus in schizophrenia; the study of NRG1 in a collection of Japanese schizophrenia cases and controls, 31 and one of the studies involving an Irish population. 32 LD is the nonrandom association of linked alleles at a locus. A number of recent studies of LD have shown that its distribution is not homogeneous across the genome. [33] [34] [35] [36] [37] [38] [39] The general pattern found in the regions examined so far is a series of discrete tracts of low recombination, high LD and therefore with a reduced number of haplotypes, the so-called 'haplotype blocks' bounded by recombination hotspots. Haplotype block structure has been found to vary according to genomic region (due to genomic factors affecting its pattern) and also between different global populations (due to demographic factors), 33, 36, [38] [39] [40] [41] [42] [43] [44] see Bertranpetit et al. 45 for a review. In fact, the goal of the International HapMap Project (http://www.hapmap.org) is to develop a haplotype map of the human genome, the HapMap, which will describe the common patterns of human DNA sequence variation in four distinct human populations.
Association studies have become a valuable tool in the search for disease susceptibility genes, having particular power in the field of complex disease. A finding of association between particular alleles or haplotypes and a disease or phenotype does not necessarily implicate them as being involved in the disease or phenotype development/causation: the associated alleles or haplotypes may simply be in LD with the disease susceptibility variant. This is further complicated by the phenomenon of allelic heterogeneity. A major drawback is that a finding of association in one population may not be applicable to other populations due to population-specific allele and haplotype frequencies and therefore LD patterns. The disease susceptibility variant may be in LD with a different allele or found on the background of a different haplotype in different populations. This may have been the case for example in the failure of replication of the NRG1 Icelandic/Scottish population findings in the Japanese/Irish studies, and in the different alleles/haplotypes associated with the disease in different studies. Therefore, the study of the allele frequencies and the underlying haplotype composition of different global populations may be a valuable tool in facilitating the portability of association studies findings between populations. In this case, studying the allelic and haplotype composition across the NRG1 gene in a set of populations representative for global diversity should aid in shedding light on the underlying causes of the heterogeneity of association findings.
In the present study, we type 13 SNPs across NRG1, including two of the SNPs from Hap ICE , in order to elucidate the differences in allele frequencies and haplotype composition patterns across global populations for the gene. As allele frequencies and haplotype composition differences are due to demographic factors as well as genomic factors, it can be expected that distinct populations from different geographic locations would differ in these characteristics across this gene. Defining this pattern for the NRG1 gene in worldwide samples will provide a guide for future association studies involving this gene and may shed light on the discrepancies found in recent analyses investigating NRG1 as a susceptibility factor for schizophrenia.
Materials and methods

Subjects
The analysis was performed on a total of 1088 healthy unrelated individuals: 1049 worldwide purified genomic DNA samples from the HGDP-CEPH Human Genome Diversity Cell Line Panel 46 and 39 purified genomic DNA from Catalan individuals. Written informed consent for the Catalan individuals (northeastern Spain) was obtained with approval of the Clinical Research Ethical Committee of the Munincipal Institute of Health Care (CEIC-IMAS, Barcelona). The set of populations under study covers most of the genetic diversity in the human species, as reported by Rosenberg et al. 47 As some original population samples were small, some of the geographically closest populations were pooled. Tuscans and North Italians were grouped as Continental Italians. Dai, Lahu, Miaozu, Naxi, She, Tujia and Yiku were combined as South Chinese; Daur, Hezhen, Mongolian, Orogen, Tu, Uygur and Xibo were grouped as North Chinese. The final number of populations was therefore 39.
Genotyping
A total of 13 SNPs (see Table 1 ), were successfully genotyped using Applied Biosystems (AB) TaqMan technology. The AB assay-on-demand service was used to order probes and primers for the nine SNPs available publicly (http://www.ncbi.nlm.nih.gov) and/ or in the AB/Celera database (http://www.appliedbiosystems.com/) (rs763553, rs4452759, hCV319505, rs1481628, rs385396, rs1462906, rs901561, rs2466093 and rs10503929). The AB assay-by-design service was used to design the probes and primers for the four SNPs that had been ascertained and typed previously by Stefansson et al. 9 in the Icelandic population (SNP8NRG221132, SNP8NRG241930, SNP8NRGd131 E1006, SNP8NRG444511; surrounding sequence available on the deCode Genetics website http://www.decode.com).
SNPs were chosen spaced along the gene, with a greater concentration in the Hap ICE region. In fact, five of the SNPs were contained within this region, and two of the SNPs were those of Hap ICE (see Table 1 and Figure 1 ). The nine SNPs from the AB/Celera database were chosen with a minor allele frequency (MAF) of 45% in at least one of the populations from that database (one African, one European and one Asian population), frequencies for the SNPs ascertained in the Icelandic population were unknown for global populations.
The ancestral alleles for each of the SNPs were determined by blasting the sequence surrounding the SNP with the chimpanzee genome (http://ensembl.org/chimp). Good match affinity was observed, and the particular area of the chimpanzee genome seemed to be of high quality, therefore permitting confidence in these results.
Data analysis
Allelic frequencies, Hardy-Weinberg equilibrium calculations, locus-by-locus F ST calculations and analysis of the molecular variance (AMOVA) 48 were calculated with the Arlequin software. 49 Haplotype population frequencies were estimated with the Bayesian algorithm implemented in the PHASE program. 50 Correspondence analysis was carried out with the STATISTICA program (http://www.statsoft.com) for the 39 populations for the shared haplotypes. Correspondence analysis provides a method for representing frequency data in an Euclidian space so that the results can be visually examined for structure. For data in a typical two-way contingency table, both the row variables (populations) and the column variables (haplotypes) are represented in the same space, which allows the examination of the relationships not only among populations but also between populations and haplotypes.
The Haploview Program 51 was used for visualising the data from the HapMap project (www.hapmap.org).
Results
In Figure 1 , the 13 SNPs genotyped along the 1.4 Mb length of NRG1 are shown along with the LD structure of the gene, calculated from HapMap data for the region for CEPH individuals (European ancestry). The rest of the HapMap populations (Han Chinese, Japanese and Nigerian Yoruba) showed an overall similar LD pattern with lower LD in Africans (data not shown). The positions of all the described exons are also shown, as are the approximate locations of regions with markers/haplotypes found associated with schizophrenia in different populations in previous studies.
Most SNPs in this study were concentrated around the first two exons of the gene, located in the extreme 5 0 region, present in the GGF2 isoform only, which has been repeatedly associated with schizophrenia. 9, [23] [24] [25] [26] [27] [28] [29] 52 Two of the five SNPs defining the at-risk haplotype previously reported 9 were included in this study, SNPnrg2 and SNPnrg4. These two SNPs plus three additional ones typed in this study were located in the area of Hap ICE . The number of SNPs included in this study offers a very loose coverage of the gene as it extends almost 1.4 Mb; nonetheless, they cover all the regions that have been associated to schizophrenia in the various studies, in which the regions defining 'risk' are also broad. For instance, in a previous association study in Chinese, one haplotype exceeding 1 Mb in length and composed of just three SNPs was demonstrated as being transmitted preferentially to affected individuals. 25 All SNPs and populations were in the HardyWeinberg equilibrium after Bonferroni correction for multiple testing. Frequencies of each of the SNPs across the populations are shown in Figure 2 . In general, there were a higher number of fixed SNPs in Sub-Saharan Africans and Native American populations than other groups, which could be a consequence of an ascertainment bias in that the SNPs have been defined in European populations. Frequencies are seen to vary according to geographical region: some SNPs strikingly so; of particular note are the dramatic differential frequencies of SNPnrg9 and SNPnrg10 (Figure 2c ).
The allele frequency values for each SNP (represented by separate lines) across continental regions. The order of the populations within each continental group is the same as in Table 2 . The Continental groupings of the populations are shown along the x-axis: SSAFR, Subsaharan Africa; MENA, Middle East/North Africa; Eur, European; SASIA, South Asia; EASIA, East Asian; OCE, Oceanian; AME, American. The allele frequency is shown along the y-axis, going from 0 to 1.
Extreme
F ST values were calculated for each SNP, each population and each continental group. The F ST is a measure of the population differentiation based on the frequency heterogeneity within and between groups ( Table 2) . Its values range from 0 to 1 with 0 meaning that the populations are completely similar with regard to allele frequencies and 1 being that the populations are completely differentiated. The average F ST for all 39 populations is B0.13, in agreement with previous studies of neutral markers. 47, [53] [54] [55] [56] However, two SNPS, namely SNPnrg9 and SNPnrg10, were observed to show particularly high F ST values. It is the differences between continental groupings that is of note here; the frequencies remain homogenous across populations within continental groupings. These two SNPs can be seen in Figure 1 to exist on a block of LD in Europeans (SNPnrg9 and SNPnrg10 block). This block was also observed in the two Asian populations from HapMap, Han Chinese and Japanese, but was absent in the African Yoruba population (data not shown).
In order to evaluate the significance of the F ST values, they were compared to the empirical F ST distribution provided by Akey et al. 56 considering only those SNPs within genes. Our F ST values were recalculated using the Sub-Saharan Africans, Europeans and East Asians as a rough approximation of the populations used in the Akey study (African American, European and East Asian). The F ST value for SNPnrg9 (0.431) and SNPnrg10 (0.685) are both within the upper 5% range of the distribution of F ST values, pointing out the extreme F ST values found for these two SNPs. These extreme values are the result of allele differences in East Asians for SNPnrg9 and SubSaharan Africans for SNPnrg10 (Figure 2 A drawback of the Akey study is that it provides data for just three admixed populations. Our results were therefore also compared to data from a set of worldwide populations involving less SNPs but with a population distribution much like that of the present study as provided by Kidd et al. 55 The F ST value found for SNPnrg10 (0.457) is far above the maximum value (0.38) of the F ST distribution for the 369 SNPs analysed in global populations in the Kidd et al. 55 study and the SNPnrg9 F ST value (0.251) is still well above both the median (0.123) and the mean (0.138) of the distribution. This fact points to the existence of extreme differences in NRG1 allele frequencies according to geographical regions.
These extreme F ST values could be explained by the action of local selection, which could have altered the allele frequencies in a group of populations. However, as the finding of an elevated F ST in a single SNP alone may not provide sufficient evidence of the action of local selection, we compared our results with a larger number of SNPs in the area from the HapMap project. We examined all SNPs polymorphic in at least one population for which genotypes were available for each of the four populations involved in the HapMap method applied to the CEPH population, seen in Figure 1 ) and 100 kb flanking; totalling 141 SNPs. F ST values were in concordance with our findings and were high for a number of SNPs close to SNPnrg10 (Figure 3) . The differential allele frequency pattern according to continental regions is also reflected in the haplotype makeup of each region. Despite the large genomic region analysed, around 1.2 Mb, haplotypes for the 13 SNPs were estimated. The haplotype diversity parameters for each of the 39 populations are shown in Table 3 . Lower haplotype diversity can be observed in the Americas and Oceania compared to the rest of continental regions. An AMOVA based on haplotype frequencies was carried out in order to apportion the percentage of haplotype diversity by geographical region (Table 2) . Heterogeneity is elevated in Oceania, America and Sub-Saharan Africa. All the above diversity findings based on haplotypes reflect the established demographic history of these regions, with influencing forces such as the population bottleneck and genetic drift subsequent to the colonization in the case of American and Oceanian populations or the large effective population size in the case of Sub-Saharan Africa.
In order to describe patterns of haplotype variation and population distribution based on their haplotype composition, a correspondence analysis was carried out for the 165 haplotypes shared by two or more populations (Figure 4) . The Sub-Saharan populations apportion the majority of the variation and are discriminated by the first dimension. Americans are separated in the second dimension and East Asian populations become more separated in the third dimension (data not shown). Thus, the grouping of the haplotype diversity according to geographical region is clearly demonstrated.
Focusing on the previously defined Hap ICE , the differential distribution of the extended core haplotype is defined in this case by two of the core haplotype SNPs as identified in the Icelandic and Scottish populations, 9,27,57 SNP8NRG221132 (SNPnrg2) and SNP8NRG241930 (SNPnrg4), with very high frequencies in Oceanian and Sub-Saharan African populations and lower frequencies in the Americas and Europe (data not shown). The difference in the frequencies was found to be highly significant (w 6 ¼ 116, P ¼ 0.0000), stressing again the population differences for the NRG1 gene.
Discussion
In the present study the allele frequencies of the SNPs typed across the NRG1 gene are seen to vary according to population and to clearly accord with continental region. In fact, some SNPs chosen from AB/Celera database with a MAF of 410% in European populations, and those SNPs discovered in the Icelandic population and used in this study, appeared fixed in other populations namely several Sub-Saharan Africans, Oceanian and Americans. Even if there may exist ascertainment bias favouring European populations being polymorphic for SNPs, population history events that shape allele frequencies, such as high effective population sizes, bottlenecks and drift are still evident with the present SNP data set. Furthermore, some of the greatest differences in allele frequencies globally are due to differences between Africans and the rest of the world (SNPnrg10) and East Asian populations and the rest of the world (SNPnrg9), not a common SNP being seen to be fixed in populations outside Europe as would be expected if it was solely due to ascertainment bias.
A result that stands out from the present study is the high F ST values, in particular for SNPnrg10. This finding is indeed very interesting and warrants further investigation especially when viewed in the context of the LD structure of the gene, as visualized using the HapMap data, for it appears that SNPnrg10 is located just in the middle of one of the strongest blocks of LD in the gene in a European (CEPH) and Asian (Chinese and Japanese) populations. Using HapMap data for SNPs in this region, a number of SNPs adjacent to SNPnrg10 were also observed with elevated F ST values. This block of LD located centrally in the gene within the second and largest intron is approximately 100 kb upstream of the fourth, fifth and sixth exons. This could be indicative of some form of geographically specific selective force acting on this area of the gene, an area that, due to its position, may contain regulatory factor(s) for one of the ensuing splice forms of the gene. Large introns in genes such as this with many alternative splice forms and complex regulation have been purported to have a special significance in control of expression. HapMap SNPs spanning the 'SNPnrg9_SNPnrg10' block (as seen in the CEPH population for HapMap data) and 100 kb upstream and downstream. SNPnrg8 (rs1481628) and SNPnrg10 (rs1462906) were typed both in our study and in the HapMap project, the position of SNPnrg9 is also shown. The F ST value is shown on the y-axis and the chromosomal position is shown on the x-axis.
Several genes relevant to human disease have already been demonstrated to show the effect of local selection processes, most importantly the Lactase gene, the Duffy gene, TNFSF5 and G6PD. [60] [61] [62] [63] The signatures of local positive selection observed in each of these genes has been in each case explained by Extreme population differences across Neuregulin 1 gene M Gardner et al known differential environmental influences according to geographical region, such as worldwide variation in the consumption of milk products in the case of the Lactase gene and incidence of malaria in the case of G6PD. It is tempting to speculate on the source of such a selective force acting 'locally' on the NRG1 gene; however, given the extensive role of NRG1 signalling in the neuromuscular system, this may prove to be a difficult task. Schizophrenia is a complex disease with numerous genes and possibly also environmental influences playing a role.
1 Factors related to the complex nature of the disease such as allelic heterogeneity and the environmental component have complicated association studies to date. 64, 65 Besides these factors, another contributor to negative replication study outcomes has been a poor matching of control and case populations, which leads to population stratification due to the differences in allele frequencies. Although association studies tend to avoid mixing individuals across populations, some large studies might include individuals from different populations, leading to false positives or missing real associations. 66 Nonetheless, the most problematic issue in case-control studies might be the stratification among regional groups within populations. 67 A number of less obvious factors also related to the multifactorial nature of the disease can also be expected to have an effect on success or otherwise of association studies including, the disease allele frequency, the marker allele frequency and the extent of LD between the marker and the disease locus. 68 The present results in the NRG1 gene show that the SNP frequencies and, consequently, the haplotype composition clearly vary with geographical regions, mainly attributable to the different population history events of the geographically separated population groupings. Discrepant findings from the replications studies to date for NRG1 may be a direct result of the distinct allele frequencies and haplotype composition of the gene region for different populations. For example, the Japanese study which could not confirm the association, 31 some of the studies in Chinese populations which found a different haplotype associated, 24, 25, 52 or the refinement of the associated haplotype as for example in the Irish population. 27 Differences in allele frequencies can even be observed within continental regions and this can be expected to contribute to the failure of replication of an association found in one population and in another population from the same continent in at least some of the cases. In the case of European populations where the greatest number of association studies tend to be carried out, there have been some notable failures to replicate association studies, as mentioned before in the case of schizophrenia the failure of replication in one of the studies of involving an Irish population. 32 The allele frequencies for Europeans, although following a general trend, can be seen to vary modestly, also in the SNPs surrounding the core haplotype (see Figure 2 ). This may be enough to influence the results of replication studies in different European populations (using different population sample sizes).
The power required to detect an association relies on the allele frequency. The differential frequencies of the marker alleles in different populations can cause associations to be missed: the more rare the allele is, the more difficult it is to detect association. Therefore, in such populations with a lower allele frequency a larger number of individuals may be required to detect a positive association. 68 For instance, the estimated frequency of the core at-risk haplotype for schizophrenic Japanese patients and controls was 4.5 and 4.3%, respectively, while these frequencies in the original Icelandic study were 7.5 and 15.4%. The Japanese study might have failed to replicate the association due to the lower core at-risk haplotype frequency in the population. Thus, the design of a replication of an association study must take into account the population differences in allele and haplotype frequencies of the original study in order to determine the sample size of the study.
It is not surprising that the region of the marker(s) and/or haplotypes displaying strongest association to the disease are different in different populations; it is to be expected that susceptibility variants in different populations are to be found on the background of different haplotypes or in LD with a different marker(s), causing some associations to be overlooked. As can be seen in Figure 4 , haplotype composition varies greatly according to continental region but also importantly within continental groupings, importantly even within Europeans. Focusing on the frequency of the 'extended core haplotype' analysed in the present study, that is two of the SNPs of the original five from Hap ICE , significantly different frequencies were found in the different geographic regions. This fact highlights that the differences found Figure 4 Correspondence analysis based on the frequencies of the shared haplotypes. Besides the positions of the 39 analysed populations, the relative positions of the haplotypes of greater than 2% frequency (Haplos in the key) along with the ancestral haplotype are also displayed. The x and y-axis correspond to the first and second dimension, respectively.
Extreme population differences across Neuregulin 1 gene M Gardner et al in several association studies might simply be the result of different allelic and haplotypic frequencies.
Future association studies involving NRG1 should take into account these population differences in order to avoid discrepant results, as a first step by increasing the sample number in populations where a low frequency of the 'core haplotype' is found. Unless this population diversity of NRG1 is considered, the putative role of the gene in schizophrenia will never become clear. Instead we will have a host of replication study results, some supporting association, others refuting it without any hope of providing a real and reliable knowledge base from which to allow advancement in the unravelling of the role of this gene as a susceptibility factor for this disease.
